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UAV technology continues to evolve and develop in all aspects of the surveying, 
construction, and mining industries. Drone technology allows surveyors to collect accurate 
spatial data over large areas, safely and efficiently. However, the requirement for ground 
control points is limiting its usefulness in many situations. The solution to this is RTK 
incorporation into these systems, however currently available RTK enabled products can cost 
over  $70, 000.  
 
UAV technology is still in its infancy and is developing rapidly; hence, there has been 
considerable research conducted over the past five years about UAV’s application on a wide 
range of tasks. However, there is a knowledge gap in relation to the accuracy that can be 
achieved by incorporating low-cost RTK correctional techniques into a drone systems 
utilising low-cost, off the shelf products.  
 
The overall objective of this project is to determine to what degree a low-cost drone, utilising 
an RTK GNSS receiver can be used for gaining three- dimensional surface information. 
Effectively, comparing the surface achievable through a low-cost system, to that generated 
from a commercially available drone system, the Intel Sirius Pro, in addition to RTK 
topographic observations recorded around the test site and ground control points. 
 
The subject site that has been investigated is a coal mine in Queensland, Australia. The site is 
an open cut mining pit, with an overburden stockpile adjacent, a common mine surveying 
example. Extensive comparisons have been made between the two drone survey techniques. 
Initially, the low-cost system was evaluated without ground control points, in which it was 
found to be greater than +/- 0.5m accuracy. Secondly, three ground control points were 
included in which it was determined that +/-50mm was achievable. Finally, the inclusion of 
twelve ground control points resulted in a similar accuracy surface.  
 
Overall, this project identified the strengths and weaknesses of the low-cost components, 
particularly the flight controller and RTK GNSS system. However, it was determined that 
such a system can be utilised for gathering accurate spatial data.  
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Common abbreviations that will be used in this report include: 
 
CASA Civil Aviation Safety Authority 
DSM Digital Surface Model 
DTM Digital Terrain Model 
GCP Ground Control Points 
GPS Global positioning System 
IMU Inertial Measurement Unit 
PPK Post Processed Kinematics 
RPA Remotely Piloted Aircraft 
RTK Real-Time Kinematics 
UAV Unmanned Aerial Vehicle (Drone)* 
VTOL Vertical Take-off and Landing 
GNSS Global Navigation Satellite System 
EPO Expanded PolyOlefin 
VTOL Vertical Take-Off and Landing 
IMU Inertial Measurement Unit 
LCRD Low-Cost RTK Drone 
CSV Comma Separated Value 
MGA94 Map Grid of Australia 1994 
 
*Note: The term UAV or drone will be classed as having the same definition for the purpose 




















Drone technology continues to evolve and develop in all aspects of the surveying industry. A 
variety of lower quality, recreational grade drones are widely available and used extensively 
in the industry, however high-quality survey grade drones continue to be quite expensive. It 
is intended that by combining various low-cost components, with an RTK GNSS receiver, a 
survey quality drone can be developed at a relatively low price point. 
 
The overall objective of this project is to determine to what degree a low-cost drone, utilising 
an RTK GPS receiver can be used for gaining three dimensional surface information. 
Effectively, comparing the data generated from a commercially available drone and a low-
cost drone system, with ground based RTK observations as additional reference information.  
 
1.1 Objectives and Motivation for Research 
Unmanned aerial vehicles (UAV) or commonly known as drones are widely used in all 
aspects of the surveying industry. From topographic mapping, aerial photography or 3D 
surface generation, the use of UAV technology is extensive. These drone applications are 
varied and widespread and can include: 
o Land Surveying 
o Urban Planning & Land Management  
o Construction & Earthworks 
o Mining & Quarries (SenseFly 2018) 
o Aerial Inspections (Australian UAV 2018) 
 
While many larger surveying and mining companies have adopted the use of various UAV 
systems, their high price point still prevents many people from accessing the benefits they 
provide. Smaller surveying companies and other industries such as smaller mining and 
earthmoving companies, may not be able to justify the large expenditure required for these 
commercially available systems.  
 
This leaves companies using older surveying techniques or contracting drone surveying 
companies to complete tasks that are more efficiently completed with a survey grade drone. 
Some of these tasks, from a mining perspective, can include generating digital surface models 
of large open cut pits on a regular basis. If this task is completed using a terrestrial laser 
scanner, it places the surveyor directly on the ground and requires multiple setups that are 
usually required to be on the high wall of the pit, not only time consuming but also can be 
very dangerous. Utilising a contractor for acquiring this information can easily cost thousands 
per week.  
 
This is where a low-cost system can fill the gap in the market by providing a high-quality 
output at a low cost. This would make the technology available to all aspects of the 
surveying, construction and mining industries. By developing and testing this product, there 
will be potential for great improvements in the engineering and surveying disciplines. Mainly 
due to a large number of companies who would have access to high quality data acquisition 
techniques.  
 
The system being investigated is predominately targeted towards the gathering and 
generation of accurate surface models. Some of the most common uses include stockpile 
volumes, earthwork volumes, contour and mapping, land development, and GIS aerial 
photography. The survey flight requirements are very similar across a wide range of these 




uses; it is mainly just the processing requirements and calculations conducted with the data 
that change. 
 
1.2 Expected Benefits and Outcomes 
The expected benefits from this project include substantial time and money savings for many 
companies, from small surveying and engineering firms, through to top end business and 
investors. This project is developing a system that not only saves time, but also gets the 
surveyor out of the active areas and avoids potentially dangerous situations. Particular 
environments, such as open cut mining operations, will receive great benefit from this 
product, due to the increase in efficiency and safety it provides.  
 
It is expected that this project will provide extensive benefits and outcomes to the surveying, 
construction, and mining industries. Specific key outcomes expected by this project include: 
• Develop a greater understanding of the capabilities of low-cost consumer grade 
electronics 
• Develop a system that generates results with comparable accuracies to currently 
accepted surveying techniques 
• Successfully integrate low-cost RTK receivers with an IMU for the navigation and 
geo-referencing of images 
• Develop the software and hardware that can be used on a wide range of platforms at a 
low price point. Specifically, this fixed wing platform to be priced at less $5,000 
• Ensure that the system is easy to use and implement and that it is targeted directly to 
the requirements of the industry. 
 
The low cost of this system when compared to other options on the market, will allow smaller 
companies to purchase this equipment and allow larger operations to have multiple systems 
on-site or within the company. Flow on effects will include the ability to gather more data in 
less time. Allowing surveyors, engineers and designers access to accurate surface information 
more often. This is again very important to the mining and construction industry, where pit 
scans, earthwork progress, and stockpile volumes can be generated efficiently, whenever 
required.  
 
The intention of this project is to deliver a low-cost, easy to use UAV system that can provide 
accurate geo-referenced images to be used for the surface generation, without the need for 
ground control points. While a key outcome will be low-cost, it is also intended that the 
system developed can provide deliverables of similar accuracy to current, commercially 
available UAV solutions. The long-term goal is to provide a tool that will ensure surveyors 
are out of harm’s way when gathering topographic data to generate digital surface models.  
 
Finally, as with all surveying equipment, it is critical that the data achieved is reputable, can 
be interrogated and analysed and consists of appropriate checks and redundancies to ensure 
the output is adequate for the purpose it is provided for. To this end, the data derived from 
this system needs to be repeatable within certain tolerances; this will be one of the key 








1.3 Dissertation structure 
This dissertation has been brokern into several distinct chapters and has been organised as 
follows:  
 
Chapter 1 – Introduction: This chapter provides a brief background into the topic and details 
the motivation behind the project 
Chapter 2 – Literature Review: This chapter contains all information gathered during a 
literature review of key information published, that relates  directly to the objectives of this 
project 
Chapter 3 – UAV System: This chapter contains all information regarding the construction of 
the UAV test platform, including details on the sensors and components used. 
Chapter 4 – Methodology: This chapter details the proposed method to be utilised to fulfil the 
research objectives.  
Chapter 5 – Results & Discussion: This chapter presents the findings and results of the 
methodological process in order to achieve the target objectives. 
Chapter 6 – Conclusions: This chapter contains the final conclusions and recommendation 
based on the results of the project and the original objectives.  






















2 Literature Review 
To gain a thorough understanding of this topic, an extensive review of the existing literature 
has been conducted. Through this research, several key parameters have been identified, 
these include: 
• RTK Technology and History of Implementation in UAV’s 
• RTK compared to PPK Technology 
• UAV Platform Configuration 
• Sensor Calibration and Setup 
• Review of ground control point research  
• Determining the centre of a cameras image 
• Calculation of the lever arm effect for the difference between camera image centre 
and the GNSS receiver phase centre 
• Review of low-cost RTK GNSS systems 
UAV technology is still in its infancy and is developing rapidly. Hence, the majority of 
research related to this topic has been conducted in the past five years. Overall, there has 
been comprehensive research conducted on many aspects of UAV systems and their use for a 
wide range of tasks. However, there appears to be a gap in the research when utilising low-
cost UAV components and an RTK GPS system. Especially, when it is concerned with the 
accuracy difference between a low-cost system and one that is commercially produced.  
 
2.1 GPS Fundamentals 
2.1.1 Satellite-Based Positioning 
Satellite based positioning is a technique by which the position of a receiving antenna can be 
determined anywhere on Earth, where there is a clear view of the sky (Hofmann-Wellenhof et 
al. 2008). This system utilises a range of orbiting satellite systems that transmit signal to the 
earth which can be received by a GPS antenna. The receiver determines the distance to the 
satellite by recording the signal travel time. With three different satellite signals, the location 
of the receiver can be determined, however, due to various errors a fourth is needed to obtain 
a better position (Hofmann-Wellenhof et al. 2008). There are various different navigation 
systems currently operating around the world, with GPS, the US based global positioning 
system, and GLONASS, the Russian system being the largest currently operating.  
 
2.1.2 Differential Positioning  
Differential positioning is the process of accurately determining the position of a receiver by 
incorporating a correction signal. This correction is determined by using another reference 
station that is located over a known co-ordinate. This reference station calculates a correction 
between the position it calculates, and it’s known co-ordinates (Hofmann-Wellenhof et al. 
2008). This correction is sent to the roving receiver and incorporated into its position 
calculation to achieve centimetre level accuracy. There are various different types of 
differential positioning currently available, with two of the most popular techniques including 
post processed kinematics (PPK) and real time kinematics (RTK).  
 





2.1.4 RTK VS PPK 
Another form of correctional processing that must be evaluated is whether PPK or Post- 
Processed Kinematics would provide a better solution than RTK. A project conducted in 
2018 by Oliveira et al. evaluated both RTK and PPK techniques using a UAV to generate 
surface models. This study determined that PPK results in quite a high percentage, 92.2%, of 
recorded points being stored with the ambiguity fixed, whereas the RTK system had 46.5% 
fixed (Oliveira et al. 2018). This does result in a more accurate solution with the PPK system. 
However, this was determined to not have a substantial effect on the overall accuracy, and it 
was found that RTK is still feasible for rapidly acquiring data (Oliveira et al. 2018).  
 
2.2 UAV Platform Types 
The first remote controlled aircraft utilised for aerial photogrammetry purposes were mainly 
of the single rotor and fixed wing formats. Since then, there has been considerable 
development into different platform types, with multi-rotor helicopters becoming extremely 
popular and easily available.  
 
Upon reviewing literature, an intriguing article was identified that compared the difference 
between a fixed-wing and multi-rotor UAV for mapping applications (Boon et al. 2017). This 
project conducted a comparison of these two platform types by conducting an aerial survey 
over the same area, with the same sensors and camera settings. The findings of this report 
identified both advantages and dis-advantages for both platform types.  
 
Fixed wing and multi-rotor aircraft are both extensively used in the drone industry but have 
very different uses and varying benefits and restraints. Multi-rotor aircraft are well suited to 
filming and photography of specific events, are better suited to lifting heavy objects and can 
be operated in areas that have limited space. They do have restricted flight times but can 
generally handle more wind than other types of platforms and have the ability to lift heavy 
sensors. They also tend to have better stabilization than fixed wing platforms. One of the 
main benefits of a fixed wing aircraft over a multi rotor system is the extended flight times, 
over an hour for some systems and hence the vast ground area that can be covered in each 
flight. Also, they tend to cost less and are easier to maintain when compared to a multi-rotor 
aircraft (Boon et al. 2017). However, this project determined that the accuracy decreases 
when using a fixed-wing aircraft, when compared to a multi-rotor platform. There appeared 
to be a few contributing factors to this that will be relevant when planning flights for this 
project.  
 
An article by Altena & Goedeme (2014), backs up these ideas, suggesting that fixed wing 
platform is better suited to large areas in the size of several hectares. Smaller areas, that may 
require a higher resolution result are better suited to a multi-rotor aircraft (Altena & Goedemé 
2014). Furthermore, this article identified the importance of using a high-quality lens. It was 
found that the better the lens quality, the less distorted the imagery would be. This was found 
to be important when the flying height was increased, overlap decreased and flying speed 
increased (Altena & Goedemé 2014). 
 
Boon, Drijfhout & Tesfamichael (2017) determined that ideal flight parameters include:  
• Conducting flights during the middle of the day when the sun is higher to reduce 
shadows 
• Ensure placement of GCPs stand out from background colours and are placed in a 
grid formation 




• Keep flying altitude below 150m 
• Ensure the camera has been correctly calibrated  
• Camera settings such as exposure should be standardised to achieve repeatable and 
comparable results 
 
Finally, an interesting news article prompts the possible advantages of combining both multi-
rotor and fixed wing aircraft. Thus providing a system that has vertical take-off and landing 
(VTOL) ability, coupled with the long flight times associated with a fixed wing aircraft 
(Woodrow Bellamy III 2018). Research conducted indicates that there are some 
commercially available VTOL systems. However, there is very limited research backing their 
use within the surveying industry. Further development and testing are needed into these 
platforms, but there appears to be an avenue for other uses derived from these systems.  An 
interesting research paper conducted in 2016 confirms this, suggesting the key criteria for any 
system moving forward will be low-cost, portable, easily packaged and have a VTOL 
capability (Aktas et al. 2016). The platform type chosen will be very important to 
successfully achieving the objectives of this project.  
 
2.3 UAV-based Photogrammetry & Geo-Referencing  
2.3.1 Platform Construction 
Targeting research more specifically towards the objectives of this project, there have been 
several research topics conducted on the construction and evaluation of low-cost systems. 
Specifically, a project by Costantino, Angelini and Vozza (2015) was aimed directly at the 
design and construction of a low-cost UAV. The procedure depicted by Costantino, Angelini 
and Vozza (2015) was simple, yet thorough and evaluated all aspects of a micro-UAV. None 
of this system where purchased assembled and all components were sourced individually and 
combined on a custom framework (Costantino et al. 2015). This procedure is required to 
ensure weight is minimized while targeting the system directly towards the objectives of the 
project. Emphasis was placed on determining the correct power configuration to ensure the 
aircraft had enough power to fly with a small payload and the custom designed and built 
framework that suited the components used exactly. Overall, this article presents a good 
design, construction and testing technique that would be beneficial for this project.  
 
2.3.2 UAV-based Differential Positioning  
One of the earlier papers prompting integration of RTK into UAV systems was published in 
2011. This article from Stempfhuber and Buchholz (2011) from Switzerland, prompted the 
testing of a lower cost dual frequency RTK GNSS receiver for UAV applications. At the time 
of publishing this report, low-cost RTK GNSS modules were still only at the prototype stage 
and not widely available. However, the module that was used in this project could easily be 
programmed using open source software designed for GNSS positioning, called ‘RTKLIB’ 
(Stempfhuber & Buchholz 2012). At the time of publishing this report, the system had been 
tested on a trolley and rail system to simulate flying speeds of a UAV. Utilising a tracking 
total station, the RTK module was analysed and determined to be providing positional 
accuracy in the vicinity of a few centimetres (Stempfhuber & Buchholz 2012).  
 
Fazeli, Samadzadegan, and Dadrasjavan (2016) provided a compelling research article with 
the specific objectives of their project to evaluate an RTK-UAV for 3D mapping purposes. 
This report highlights that single frequency RTK receivers have less effective range than 
dual-frequency receivers. Also, there are two critical factors that affect the accuracy of geo-
referencing images, being the sensor synchronisation and lever arm calibration. Sensor 





surfaces, one from the UAV and the other through a conventional total station survey. The 
results of this study determined that a surface model created by photogrammetric methods 
using low- cost UAV and cameras does satisfy the desired accuracy criteria and is suitable to 
gather data in surface mines (Kršák et al. 2016). Further to this, there was a study also in 
2016 conducted by Zainuddin, Jaffri, Zainal, Ghazali, and Samad to evaluate the use of the 
same low-cost UAV for tree height modelling. This study determined that the low-cost RGB 
sensor was not sufficient to accurately differentiate between tree canopies and ground pixels 
(Zainuddin et al. 2016). The data from this technique resulted in poor RMSE, with 
suggestions that an even lower flying height of 50m would be required. Such a low flying 
height would greatly increase the flight and processing times of the data (Zainuddin et al. 
2016).  
 
Further developing the abilities of these low-cost systems, a project by Li et al. (2017) 
focused on the integration of GPS and IMU components to improve the positioning accuracy 
of low-cost systems. Essentially, the objectives of this project were to develop a system 
where imagery and IMU data could be integrated to develop a solution that does not rely on 
GPS information for mapping purposes. This study determined that integrating imagery and 
IMU data can be used for mapping small areas. However, errors started to compile over a 
larger distance (Li et al. 2017). Essentially, this technique could be incorporated with RTK 
systems to cover for periods of radio link loss or poor GPS signal.  
 
Overall, these studies indicate that there is validity to the idea that low-cost UAV systems can 
be used to generate accurate surface information, with considerable analysis confirming this. 
However, caution must be taken to ensure the camera used is suitable for the task as these 
low-cost systems are not suitable for all tasks as they come off the shelf.  
 
2.3.4 Camera Calibration and Synchronisation 
Gianfranco et al. (2018) provides a thorough assessment of the expected RTK positioning 
accuracies when compared to utilising GCP. This article emphasises the importance of 
accurate system calibration. This is mainly due to the requirement for the receiver and camera 
to store data at the same time for the camera based, geo-referencing to occur. In reality, two 
parameters need to be determined. The first being the antenna phase centre to camera 
projection centre offset and then the exposure time for each image, to determine a trajectory 
at the time of storing the image (Gianfranco et al. 2018). The requirement for this calibration 
to be precise is made critical by not having ground control points. To achieve a high accuracy 
calibration, the usual technique is to conduct an on-the-job self-calibration using GCP. This 
technique involves utilising a photogrammetry software, such as Agisoft, that features a 
calibration function. With this software, a well-planned flight mission over an area with 
thorough ground control points can be used to determine an accurate camera calibration.   
Gianfranco et al. (2018) came to the determination that by keeping one GCP when using 
RTK UAV’s that the majority of a camera bias was removed and the elevation, RMSE was 
around 3cm.  
 
2.3.5 Lever Arm Effect 
The lever arm effect is a term used to define the difference between the centre of the camera 
image and the phase centre of a GPS antenna. For direct geo-referencing, it is essential that 
the GPS co-ordinates assigned to the image are corrected for this difference. The complexity 
of this correction develops due to the fact that an airframe in flight does not fly perfectly level 
at all times. Due to this, further corrections need to be applied to accommodate for the pitch, 
roll and yaw of the aircraft (Turner et al. 2013). To correct for this, the pitch, roll, and yaw of 




the aircraft at the time of camera capture are recorded in the log file from the IMU. Turner et 
al. (2013) investigated the importance of the lever arm effect on the final deliverable 
accuracy. This study determined that by applying corrections for the lever arm effect the 
accuracy improved from 19cm to 11cm. They highlight the importance of the correction.  
 
A recent study in 2018, has implemented the lever arm correction to a smaller multi rotor 
platform. The technique used by this project was to develop an orthogonal transformation 
matrix from the yaw, pitch and roll values determined from the IMU (Ekaso 2018). From 
here, the GNSS RTK position of the aircraft was converted to a UTM projection, the offset 
calculated and was able to be applied in metres to the GPS position (Ekaso 2018). 
 
2.4 Legislation – UAV Licensing & Regulations 
When dealing with UAV technology, it is important that the licensing and regulations 
imposed on their use by CASA are followed. There are two distinct categories for UAV 
operation, flying for fun or flying for commercial gain. As this is a research project for 
university, and there is no money being made from this project then the recreational flying 
rules can be followed (CASA 2018). However, if someone offers money for the products 
derived from this drone, then a remote pilots license and associated paperwork will need to 
be gained. The current regulations for recreational drone flying include (CASA 2018): 
• You must only fly during the day and keep your drone within visual-line-of-sight 
o Must be able to see the aircraft at all times with your own eyes 
• You must no fly higher than 120 metres above the ground 
• You must keep at least 30 metres away from other people 
• You must not fly in an area affecting public safety or where an emergency situation is 
underway 
• You must only fly one RPA at a time 
• You must not fly over or above people 
• If the drone weighs more than 100g you must keep 5.5km away from controlled 
aerodromes and non-controlled aerodromes if there are manned aircraft operations 
underway 
• Must operate the drone in a way that does not create a hazard to people, another 
aircraft or property 
• Respect the privacy of other people 
 
There are changes coming to the legislation and licensing system for UAV operation. 
Preliminary reports indicate that it is likely for all drone users to be required to register online 
and complete an online training package.  
 
2.5 Summary  
The literature review has identified that there is a considerable knowledge gap with the 
quality that can be achieved using these low-cost components. While there is research into 
commercially available products, the research making comparisons between these 
commercial products and low-cost user constructed systems is lacking. This has resulted in a 
considerable knowledge gap between high end users and lower, entry-level systems. This is 
particularly emphasized when focusing on the RTK incorporation into a UAV system.  
 
Further to this, there is only limited literature depicting the process required to construct a 
low-cost UAV system. Much of this information has been superseded by technology released 




within the past 12 months, resulting in no information being published on how to best utilise 
these new components.  
 
The available research provides validity to the use of low-cost UAVs with GCPs for 
photogrammetry purposes. However, specific importance is placed on correct camera 
calibration and accurately calculating the camera image centre to GPS antenna phase centre 
measurement. This offset will be critical when relying on the GPS position only and not 
GCPs.  Stempfhuber and Buchholz (2011) provide further validity of RTK abilities through 
their research in 2011, proving that RTK can maintain accurate positions at nominal UAV 
flying speeds.  
 
Finally, the key knowledge gap that has been identified by this literature review is the 
accuracy that can be achieved by incorporating RTK correctional techniques into a low-cost 
UAV system utilising low-cost, off the shelf products. Particularly when drawing 
comparisons to existing commercial RTK enabled UAV products such as the Intel Sirius Pro 




















3.2 Sensors & Flight Control System 
3.2.1 Flight Controller  
The principle flight control system for this drone is a Pixhawk 4. The Pixhawk 4 is an 
advanced autopilot specifically designed to run the PX4 autopilot software. The Pixhawk 
hardware is an open source design. The PX4 software is specifically designed for control of 
drones and UAV platforms. It is also an open source software design package. This open 
source arrangement allows developers from all over the world to have input on the design of 
the software and hardware. This allows innovative approaches to be integrated from a wide 
range of people. Specifically, the current Pixhawk project, which is targeted as a research and 
development platform, has over 300 global contributors (Dronecode Project Inc 2018c). The 
Pixhawk controller features a suite of on-board sensors used for autonomous flight control. 
These include accelerometers, gyros, magnetometer, and a barometer. There are several other 
external sensors that can be added to this system to improve its flight control abilities. The 
key specifications of this system can be seen in the following Table 3-3. The Pixhawk 4 has 
been mounted to an internal platform within the fuselage of the airframe. The following 
Figure 3-2, depicts the mounting position and the wiring of all the various sensors that are 
connected to it. The autopilot has been mounted in a 3D printed cradle and is held into this 
cradle by plastic screws in the four corners. The cradle is then mounted to the internal 








Figure 3-2: Pixhawk 4 Flight Controller Airframe Mount & Wiring 






3.2.3 RTK GNSS Receiver 
The key item that sets this system apart from many other low-cost UAV platforms is the 
inclusion of an RTK GPS receiver system. The system chosen for this project is known as 
Here+. This a low cost system based on the u-blox M8P receiver module. The system is light 
weight and has a low power consumption, while still providing centimetre or better positional 
accuracy. The potential accuracy of this system will be a critical attribute towards the overall 
success of this project. The system develops an RTK system by having a base receiver 
sending corrections via the industry standard RTCM protocol. This correction is sent through 
the telemetry link described in section 3.2.4 Communication Link.  
 
The following Figure 3-6 depicts the airframe based GNSS receiver. The antenna was 
supplied with no way of mounting it securely, so a 3D printed, plastic mount was developed 
to securely hold the antenna to the top of the drone’s fuselage. The button on top of the 
antenna as shown in Figure 3-6, is used as a safety button that has to be pressed for the 
system to be armed. This allows the entire system to be powered up and all hatches closed 
well before the operator wants to fly the aircraft. Once everything is ready, a simple press of 
this button enables the autopilot system. 
 
Figure 3-4: Airspeed Sensor Mount  and Sensor Tube Location 
Figure 3-5: Pitot Tube Mount Inner Brace 









This particular model still requires the pilot to guide the aircraft into land, but the flight 
controller regulates the throttle. The new Intel Sirius Pro does feature the ability to fly the 
entire mission from take-off to landing with no user input. This system still utilises a ground 
transmitter as a backup for the pilot to take control at any time. All mission planning and 
flight statistics are available via a laptop running the mission planning software. Additionally, 
live telemetry is provided from the aircraft during the entire mission. 
 
3.4 Summary 
It was critical for the successful completion of the project objectives that sufficient time was 
taken to ensure the Believer airframe is thoroughly tested and all equipment working 
correctly before large scale autonomous flights were conducted. There is a high risk of errors 
with the flight control system when initially setting the system up, and there can be serious 
consequences if adequate safety precautions are not implemented. Overall, the construction 
of the Believer drone is a significant proportion of this project. There are many key 
components required for this system to operate, especially the flight controller, RTK GPS 




















4 Methodology  
To achieve the objectives of this project, the required methodology can be broken into several 
different areas; these include: 
1. UAV Platform Configuration 
2. Identifying and Setting up the Test Site 
3. Field Work Planning and Data Gathering 
4. Processing and Comparisons of Data, Evaluation of Results and Drafting of Report 
 
These steps are all critical to achieving a successful outcome from this project. All steps in 
this project have been evaluated under a risk assessment matrix. Through this process any 
activities that feature a high-risk rating have been identified and further control methods have 
been implemented to ensure the likelihood of any incident occurring has been reduced to as 
low as reasonable possible.  
 
4.1 UAV Platform Configuration 
The low-cost RTK drone (LCRD) for this project has been assembled and configured as per 
Section 3 of this report. Further to this setup, there are several sensors that need to be 
configured and other elements that need to be determined before the field component of this 
project can be conducted. All of the required equipment for this project have been detailed in 
Appendix B – Project Resource Analysis.  
 
4.1.1 Sensor Configuration and Setup 
Before any autonomous or assisted flights can be conducted, the various sensors fitted to the 
airframe need to be correctly calibrated. These calibration procedures are conducted through 
the QGround Control software and require the airframe to be powered and connected with the 
telemetry unit to the laptop running the software. The following sections indicate how the 
sensor calibration was carried out and features screen shots from the QGround Control 
software. 
 
4.1.1.1 Compass Calibration 
The compass calibration requires the airframe to be placed in any of the orientations shown 
below in Figure 4-1. Then the airframe needs to be rotated around that specific axis until the 
orientation display image turns green. This procedure is then repeated for the remaining five 
axes.  





Figure 4-1: Compass Calibration Procedure (Dronecode Project Inc 2018a) 
4.1.1.2 Gyroscope Calibration 
The gyroscope calibration requires the airframe to be placed on a flat surface and to be held 
completely still for the duration of the calibration procedure, as shown in Figure 4-2.  
 
Figure 4-2: Gyroscope Calibration Procedure (Dronecode Project Inc 2018a) 
 




4.1.1.3 Accelerometer Calibration 
The accelerometer calibration is similar to the compass calibration, except the airframe does 
not need to be rotated around each axis. In this case, the airframe needs to be held still in each 
of the displayed orientations shown in Figure 4-3.  
 
4.1.1.4 Level Horizon 
The level horizon calibration, seen in Figure 4-4, simply requires the airframe to be placed 
into its level flight position and held still until the calibration is complete. 
 
 
Figure 4-4: Level Horizon Setup (Dronecode Project Inc 2018a) 
 
Figure 4-3: Accelerometer Calibration Procedure (Dronecode Project Inc 2018a) 




4.1.1.5 Airspeed Calibration 
The airspeed calibration, seen in Figure 4-5, initially requires the sensor to be completely 
covered to get a baseline reading. Then, you need to blow into the sensor for several seconds 
to register a positive air pressure.  
 
 
Figure 4-5: Airspeed Sensor Calibration Procedure (Dronecode Project Inc 2018a) 
4.1.1.6 Orientation Setup 
There are several ways in which the flight controller can be orientated within an airframe. 
This setup has been installed with the flight controller facing forwards; hence there is no 
rotation value required, as seen in Figure 4-6.  
 
 
Figure 4-6: Orientation Setting (Dronecode Project Inc 2018a) 
4.1.2 Lever Arm Correction, Camera Calibration, and IMU Synchronisation 
The lever arm correction, camera calibration, and IMU synchronisation are all critical 
elements in allowing the LCRD to generate accurate data. The calculation of these values will 
be conducted after the test mission flight has been undertaken and the images and mission log 
file are available.  
 




4.1.3 Initial System Test Flights and Final Stabilisation Setup 
The initial test flight of the airframe was conducted without the autopilot system being 
connected. This was used to ensure that the airframe was flying well as a traditional plane 
before the added features of stabilisation and automation were added. Specifically, 
characteristics such as the airframe centre of gravity (COG) was checked and initially found 
to be slightly tail heavy. Lead ballast was added to the front of the airframe to achieve correct 
COG. Further, the aircraft was trimmed to ensure it would fly flat and level in normal flight 
conditions.  
 
On completion of these tests, the autopilot system was connected. This now allowed the 
stabilisation systems to be tested while the airframe was on the ground. The process involved 
physically moving the airframe and visually checking the control surfaces moved in the 
direction that would correct the movement. This system aims to keep the airframe flying flat 
and level at all times. The ground testing highlighted that the pitch stabilisation was in fact 
reversed, while the roll and yaw were operating correctly. After changing the pitch control 
direction, a new radio calibration was conducted to allow the system to correctly incorporate 
the trim settings as determined in the previous test flights.  
 
Further flight testing was now conducted with the stabilisation system functioning. This 
found that the flight controller was working satisfactorily and was able to keep the airframe 
relatively stable. The final test flights were reserved for evaluating the autonomous mission 
capabilities of the system. This involved generating a basic mission plan, with several flight 
segments and camera triggering points. The initial test flight indicated that the airframe was 
flying the desired route very vaguely, with the system accepting the flight route with errors of 
easily 50 metres either side of the desired flight path. This tolerance level is controlled by the 
waypoint error radius setting, which dictates how close the airframe must fly to the desired 
flight path for it to be considered acceptable. Once this setting was reduced to 7.5m, the 
actual flight path was within an acceptable tolerance of the desired path. The example of this 
flight path is seen in the following Figure 4-7. However, this flight identified that the turn-
around distance at the end of each flight leg needed to be increased to allow the airframe to 
turn and get onto the correct flight path before the image capture was required to begin. 
Figure 4-7: LCRD Second Test, Flight Path 





4.3 Field Work and Data Acquisition 
The fieldwork for this project is the most critical aspect to allow comparisons to be made in 
reference to the achievable accuracy across the various platforms. The required field work 
will be segregated into the two different systems.  
 
4.3.1 UAV Test Platform Field Work 
The field work for the LCRD was conducted two days after the Intel Sirius Pro. 
Unfortunately, due to the availability of the commercial operator and available time on site, 
the two systems could not be evaluated at the same time. The LCRD mission was conducted 
at approximately 1:00pm in the afternoon, with this time chosen to ensure shadow within the 
pit was at its minimum. The weather at the test site was fine and clear, with light winds of 
around 10km/h from the south.  
 
The first critical step in the fieldwork process is the planning of the flight mission. The 
‘QGround Control’ software will be used for this purpose. There are four key steps in the 
mission planning process (Dronecode Project Inc 2018b): 
 
1. Open Ground Control software, switch to plan view and select the correct camera and 
lens settings 
2. Add waypoints to the mission through the survey flight function 
3. Upload the mission to the vehicle 
4. Change to fly view and conduct the mission, with real time flight statistics available 
through the software 
 
The second step, adding waypoints, is the most critical step in the entire mission planning 
process. Within the mission planning software, all of the required settings are found under a 
‘Survey’ heading. Critical parameters that need to be established include: 
 
• Required survey area, simply set by dragging a polygon over the required area 
• Camera settings, including sensor width/ height, image width/ height and focal length 
• Grid settings that are used to determine flight paths, including: 
o Flight direction 
o Turnaround distance outside of required survey area 
o Entry and exit point for the flight pattern 
• Desired flying speed and altitude 
• Required forward and side image overlap 
 
Once all of these parameters are set, the software calculates the flight path, including image 
frequency, flight path separation, and estimated flying time. With this information calculated, 
the ground computer is connected to the aircraft and the mission details transferred across. 
When returning to the same site, the flight plan can be reloaded from a saved file and 
uploaded straight to the aircraft without changing any settings.  
 
Figure 4-9 shows the final flight path utilised for the test flight. As seen below, the test area 
was flown with an East/ West pattern, this was due to a southerly wind being present on the 
test date. The mission is flown crosswind to ensure that each leg (east or west) is flown at 
relatively the same ground speed, as it is less affected by the wind. 
 
 




Upon completion of mission planning, the field setup procedure can begin. This begins with 
setting up the base station, seen in Figure 4-11. In this situation, a ground mark was placed 
and a tribrach and adapter setup over this mark. A Trimble SPS986 receiver was setup over 
this mark and a three minute, observed control observation was recorded on the site co-
ordinate system. The station co-ordinate was noted from this observation and entered into the 
ground control software as the base station co-ordinates. From here, the LCRD base was 
setup over the mark, and the tribrach was re-levelled. The base receiver is conencted to the 
ground control laptop via a USB cable.  
 
The final step was to assemble the LCRD airframe. This involved securing the wings, 
elevator surfaces and correctly installing the flight battery into the aircraft, ensuring it is 
correctly held with the Velcro straps. Now the pre-flight inspections can be carried out which 
check that the aircraft, remote controller and ground computer are all powered on and 
connected. Also, that the control surface direction and stabilisation actions are moving in the 
correct direction.  
 
With all checks completed the flight can be conducted. This system does not have auto-
launch capabilities, so the pilot must manually fly the aircraft. The runway chosen at the test 
site is seen in Figure 4-10. In this situation, a firm packed light vehicle access road was 
chosen due to its relatively smooth surface and clear, open surroundings. Once the aircraft 










4.4.1 Ground Control Point Analysis 
The GCP analysis was conducted by initially opening the orthomosaic in CAD software. 
From here, each of the GCPs was identified and point created at the estimated position. As 
the orthomosaic does not have an elevation component, these points have no vertical value. 
To determine the vertical co-ordinate, they were overlaid onto the surface model in I-Site. 
The points were then projected vertically until they intersected with the surface and the 
elevation at this intersection point is assigned to the estimated GCP. These points were 
exported to a CSV format for analysis in Excel. This analysis involved comparing the 
estimated positions to the measured co-ordinates, with focus on the horizontal and vertical 
differences. All comparisons were completed on the site datum of MGA94 and AHD.  
 
4.4.2 RTK Topographic Data Analysis 
The second stage of analysis for verifying the Intel Sirius Pro data was to compare the 
surface generated against the RTK observations taken while driving around the test site. As 
seen in Figure 4-15, there is approximately 2000 points recorded around the various ramps, 
benches, and levels of the site. As these points are only used to verify the vertical accuracy of 
the data, the processing technique involves taking a copy of the RTK points and projecting 
these onto the digital surface. These projected points are exported to a CSV format for 
analysis against the RTK co-ordinate. This analysis has been conducting using a spreadsheet 
that determines the elevation difference of points with the same Easting and Northing values. 
The process has been simplified by projecting the dataset to the surface, instead of taking the 
closest point from the original point cloud. Various statistical values can then be evaluated 
once the elevation difference for these points has been calculated.  
 
4.5 Low-Cost RTK Drone Data Processing  
The mission planning and ground control software utilised for the LCRD requires a laptop 
computer to enable the use of this software in the field. The laptop is required to run the 
‘QGroundControl’ software and requires two USB ports for the RTK base station and the 
telemetry radio. Agisoft Metashape was also utilised on the laptop for the photogrammetry 
processing. Finally, access to Maptek I-Site Studio was required for all processing of the 
dense point cloud, digital elevation model generation and surface comparisons.  
 
The initial photogrammetric calculations were conducted in Agisoft Metashape, with the 
output from this program being a dense point cloud and a geo-referenced orthomosaic. From 
here, the point cloud will be imported into I-Site Studio for surface generation and further 
comparisons. Also, in I-Site, the RTK topographic survey data will be imported for review. 
The GCP data will be brought into Agisoft Metashape and error calculation conducted 
through this software. 
 
4.5.1 LCRD Camera Capture Log Processing  
The LCRD log file is generated by the flight controller whenever an automatic mission is 
conducted. The file contains information about every aspect of the mission from battery 
voltage through to controller inputs. This log is saved to a micro SD card mounted in the 
flight controller. The file is in a proprietary format, .ulog, which can be read by the ground 
control software and used to geotag the images. However, to utilise the lever arm correction, 








axis is orientated to the north. Further, the y-axis is orientated to the east and the z-axis is the 
vertical component.   
 
Further processing steps such as the lever arm correction calculation and Agisoft Metashape 
camera position import, require that the rotation values be in Euler Angle format. Hence, a 
conversion from quaternion to Euler angles needs to be conducted on all of the log file 
entries. Euler angles assign each axis a rotation value; roll, pitch, and yaw to describe the 
airframes rotation in a 3D space. The following Figure 4-17 displays how these values apply 
to a conventional aircraft.  
 
The conversion process involves taking the four quaternion values (q0, q1, q2, q3), through 
three separate equations to calculate the Euler angles. This process is repeated for each log 
entry in the mission camera log file. The following three equations are used to determine the 
roll, pitch, and yaw angles.  
 
Roll Conversion 
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Yaw Conversion 





	)                                           (3) 
 
4.5.2 Lever Arm Correction  
The next step in the log file processing is the calculation of the lever arm correction. This 
correction requires the input data from the IMU in Euler angle format and the GNSS antenna 
to camera offset measurement. Initially, the Euler angles must be converted to rotation 
matrices for each axis. The following equations 4 through 6 establish the rotation matrix for 
X, Y and Z axis.  
 
 
Figure 4-17: Euler Rotations Depicted on a Traditional Airframe (CH 
Robotics LLC 2019) 




Rotation around x-axis 
#L = 	 M
1 0 0
0 cos! − sin!
0 sin! cos!
P                                                (4) 
 
Rotation around the y-axis 
#Q = 	 M
cos 7 0 sin 7
0 1 0
− sin 7 0 cos 7
P																																																					(5) 
 
Rotation around the z-axis 
#	S = 	 M





After computing the three rotation matrices, these are combined to develop a transformation 
matrix. This matrix describes the rotation of the sensor in a three-dimensional system.  
 
Transformation Matrix 
# = 	#L ∗ 	#Q ∗ #S																																																								(7) 
 
# = 	 M
1 0 0
0 cos! − sin!
0 sin! cos!
P ∗ M
cos 7 0 sin 7
0 1 0
− sin 7 0 cos 7
P ∗ M





The lever arm vector (XY) is the measured difference between the centre of the camera image 
and the phase centre of the GNSS receiver. This is represented with an X, Y and Z offset, 








Finally, the lever arm correction is a product of the transformation matrix and the lever arm 
vector. 
X = # ∗	XY																																																													(10) 
 
Once the lever arm correction has been calculated, the easting, northing, and elevation 
correction can be applied to the GPS position to derive the corrected camera position. These 
corrected camera positions will be used for all LCRD photogrammetry calculations. 
 
4.5.3 LCRD Photogrammetry Processing 
The initial processing of the LCRD data was performed using Agisoft Metashape software. 
The processing procedure followed for this project is listed below: 
1. Open a new project file and set project preferences to suit the subject site 
2. Import raw photos to the project 
3. Define camera positional accuracy and import corrected camera positions 
4. Check camera calibration 
5. Align Photos 
6. Identify and mark ground control points 




7. Optimise Camera Alignment 
8. Create dense point cloud 
9. Review and edit processed data to review possible errors or unwanted features 
10. Build the digital elevation model 
11. Generate the geo-referenced orthomosaic 
 
From here, the two outputs exported are the dense point cloud and the orthomosaic image. To 
investigate the potential of the LCRD, the processing has been brokern into several versions. 
The initial version involves only processing the data with the RTK camera positions, the 
second incorporates three ground control points, and the final attempt involves all of the GCP 
available.  
 
4.5.3.1 LCRD Version 1 – Corrected Camera Positions with No GCP 
The first processing attempt involved following the above steps, utilising all of the 
photographs taken, the corrected log file, and no ground control points. This is the ideal 
scenario that follows the same principles as the Intel Sirius Pro in that the RTK camera 
positions are accurate enough to be used for the entire registration process. Due to this, the 
camera position accuracy was set to 0.05m.  
 
4.5.3.2 LCRD Version 2 – Minimal GCP 
The second technique involved utilising a small selection of GCP to tie the surface down to 
the correct datum. For this technique, three points were chosen, one at the northern end, one 
in the middle and one at the southern end of the test site. This technique will determine if the 
LCRD surface as a whole is sound and there is just a small tilt in the final surface. The three 
chosen for this version are GCP 3, 8 and 12. With the introduction of GCPs, the camera 
alignment and optimisation steps were run again. However this time, the camera position 
accuracy was increased to 0.5m.  
 
4.5.3.3 LCRD – Version 3 – Optimum GCP Layout 
The final processing technique utilised was the inclusion of the majority of the ground 
control points. The only GCP not used was point 6, due to erroneous errors found when 
including this point. The camera position accuracy was increased in this version to 10.0m. 
This value was set so high as to allow the software to prioritise the ground control points over 
the camera positions in an attempt to follow a more traditional photogrammetry technique.  
 
4.5.4 Data Analysis & Comparisons 
The analysis of the LCRD test site data was evaluated against both the Intel Sirius Pro 
surface model, the GCPs and the RTK topographic pickup data. Initially, utilising I-Site 
Studio, the LCRD surface was evaluated against the Intel Sirius Pro surface. The primary 
technique for this will be to calculate the average distances between the two surfaces and 
representing this distance by colouring the surface on a scale from -0.5m to +0.5m. Not only 
does this provide a quick assessment of the data quality, it also visually highlights if there are 
any trends in the surface errors, such as a general slope to one particular direction.  
 
Furthermore, the RTK observations and GCP was used to interrogate the accuracy of the test 
surfaces. Resultants from this analysis will be plotted graphically to determine any trends or 
significant errors that appear to be present. These points will provide the statistical analysis of 
the LCRD surfaces. These factors, along with the statistical analysis will be used to 
determine the viability of this system for day-to-day survey applications.  




4.6 Quality Assurance Procedures 
As required with all surveying equipment, calibration and testing are required to ensure the 
equipment can provide the stated accuracy. To ensure the traceability and quality of the 
information presented in this report, various checks and redundancies were incorporated into 
this project. These include: 
• All survey equipment used will be within the manufacturers stated calibration dates 
and be tested to ensure the results provided are within the manufacturers stated 
accuracy 
• When processing data through software programs, the suppliers recommended 
processes will be followed. Where these do not exist, the industry best practice will be 
applied to all datasets 
• When testing the UAV developed for this project, multiple datasets of the same area 
will be collected to ensure the repeatability of this system is within industry 
expectations 
• Peer reviewed data gathering techniques will be followed throughout the course of 
this project  
• At all stages, dual observations, dual processing, and multiple comparisons will be 
conducted to ensure redundancies with all information that is presented as a part of 
this report 
 
Experienced industry professional has been engaged throughout this project to provide advice 






























This comparison determined that this version has a mean difference of 19mm and a standard 
deviation of 118mm, relatively good compared to previous attempts. Further, the range of 
error values is reduced, with +/-300mm now achievable.  
 
Overall the inclusion of all available ground control points has resulted in a relatively 
accurate surface, however, there are certainly still areas within the test site that are 
considerable different to the control data.  
 
5.2.5 Discussion 
Initially, looking at the field acquisition of this system, it had trouble maintaining the desired 
flight path, seen in section 4.3.1. It is not believed that this has affected the accuracy of the 
data, however it is a key consideration in mission planning to ensure there is adequate side 
overlap to equate for this error in following the mission plan. Further, when measuring the 
base antenna height and the rover to camera offset on the drone platform, there is no clear 
indication of where the antenna phase centre is located and hence where the measurement 
should be taken to. Further, as there is no mounting system provided one had to be 
constructed for both antennas. These elements may have added to errors within the GNSS 
system.  
 
When processing the variations of the low-cost RTK drone data it was found that the Agisoft 
software is very user friendly and efficient for this type of project. The software allows the 
user to quickly change which ground control points are to be used as control or just check 
points. Further, the data accuracy for the GCP and camera positions can easily be adjusted to 
change the weighting each of these is assigned in the processing steps. Also, with automated 
workflow setup, the entire re-processing is complete with the click of one button right 


























This project has proven to be a challenging and rewarding task, that has investigated many 
aspects associated with drone surveying and the achievable accuracy of low-cost systems.  
 
6.1 Conclusions 
Initially, this project has verified that the Intel Sirius pro provides high accuracy data. 
Further, it has been possible to develop a semi-autonomous drone platform, utilising only 
low-cost components that can cover a large test site efficiently. Unfortunately, the data 
derived from the low-cost system is prone to errors when no ground control points are used in 
the processing of the data.  
 
However, the LCRD data with three GCPs results in surface data that is relatively accurate 
and definitely useful within a mining environment. Finally, a summary of the achievable data 
accuracy of both the Intel Sirius Pro and low cost RTK drone compared to the RTK 
topographic data is shown below. The processing conducted with all of the GCP (LCRD – 
V3) was not shown in this graph, as it does not align with the objectives of this project to 
improve the workflow from previous non-RTK drone platforms. 
 
 
Figure 6-1: Topographic Data Comparison Summary 
Figure 6-1 clearly presents the different accuracies achieved by the various techniques. 
Especially, how poor the LCRD surface is when no GCPs are used. However, it is clear that 
the inclusion of the three GCPs has definitely improved the accuracy to something 
comparable to the Intel Sirius Pro. However, the standard deviation is still higher, indicating 
that there is a greater distribution of results away from the mean value.  
 
Further review of the LCRD results indicate that there is greater error present around the 
outside extents of test area. Further to this, as the terrain height increases towards the 
southern end of the pit, the image overlap was no longer sufficient due to the flying height 
not being altered. This is further confirmed in the processing reports attached in Appendix E, 
F & G. Finally, the accurate placement and positioning of the ground control points is 
essential when assigning a high accuracy value in Agisoft Metashape while processing the 




data. Errors present in the GCP measurement will directly affect the accuracy of the surface, 
as limited GCPs are intended to be used with this system.  
 
6.2 Recommendations 
This project has established that the Pixhawk flight controller system and the Here+ RTK 
GNSS system are capable of controlling a drone platform for aerial survey work. However, 
caution must be used when setting up and operating these systems due to the vast array of 
parameters and functions that need to be correctly setup before flight. It is essential that every 
flight control system is thoroughly tested on the ground before any form of stabilised or 
autonomous flight is conducted.  
 
The airframe, flight controller and associated equipment utilised in this project is capable of 
producing accurate survey data for a large area efficiently. However, the inclusion of limited 
ground control is highly recommended, with the quantity required essentially depending on 
the size and complexity of the subject site. Most importantly, it is not beneficial to include a 
large quantity of ground control when utilising an RTK GNSS system, as long as suitable 
checks are in place.  
 
Further, when planning a flight mission for a test site, care needs to be taken to ensure there 
is a significant amount of data acquisition past the actual desired areas. This is due to the 
results determining that the outside 50 – 100m of the test area appears to have the highest rate 
of error. Additional care must also be taken when the terrain height increases. It is most likely 
required to increase the flying height of the mission in these areas. Overall, the technology 
identified in this project is very powerful and beneficial for the surveying industry, however 
great care must be exercised to ensure that it is utilised safely and to ensure no gross errors 
are present.  
 
6.3 Further Work 
There are several areas in which further work is recommended to continue the benefits of this 
project and provide additional findings. Firstly, further work can be conducted on the various 
sensors utilised. Specifically, investigating the camera trigger system and determining if it is 
possible to increase the speed of image capture. This would allow the forward image overlap 
to be increased and the side lap reduced, saving on flight time and increasing system 
efficiency. Additionally, there is substantial work available in the investigation of the RTK 
GNSS system. Specifically, in regard to the achievable accuracy of the receiver and antenna 
combination. Further, how this is affected at the higher flying speeds of airframes such as the 
one utilised in this project, when compared to a multi-rotor platform.   
 
Also, due to the open-source nature of the Pixhawk flight controller, there is significant work 
required in regards to refining the mission flight path controls and flight controller 
parameters. Within the autonomous functions of this flight controller are numerous 
parameters than can be altered and fine-tuned in order to develop the best possible flying 
platform. All of this would aid in the data output, efficiency and user-friendliness of the 
platform.   
 
Further advancement of this system would also require the investigation into the cause of the 
error with the data when no GCPs are used. It is possible that IMU drift is influencing this 
error, so that would be the recommended initial path to investigate. There is also an avenue to 
investigate the potential for PPK positioning instead of RTK. 




Finally, it would be beneficial to utilise this system in its current form over a variety of other 
test sites. This would allow the systems suitability to be determined for other purposes 
outside of open cut mining and verify the repeatability of the results found in this report. 
Features such as stand-alone stockpiles would be highly recommended as the next test-site.   
















Appendix A – Project Specification 
 
ENG4111 / 4112 Research Project 
Project Specification 
 
For:      Mitchell Byrne 
Project Title: Evaluation of a self-built, low-cost, RTK UAV system to produce 
digital elevation models 
Major:   Bachelor of Spatial Science – Surveying 
Supervisors:   Zahra Gharineiat 
Sponsorship:   Agisoft Metashape 
Enrolment:    ENG4111 – EXT S1, 2019 
ENG4112 – EXT S1, 2019 
Project Aim:  To determine to what degree, a low-cost UAV system, utilising 
recreational grade components with an RTK system, can be used for 
generating digital elevation models comparable to current surveying 
techniques.  
 
Programme:  Version 1, 10th March 2019 
1. Research RTK GNSS units that are low-cost and evaluate currently used surveying 
drone systems. 
2. Source and construct a testing platform and field test all components. 
3. Develop mission plans, setup test sites with ground control marks and conduct pickup 
of spot heights for quality assurance analysis. 
4. Conduct field work, gathering data with both commercial Sirus Pro system and test 
platform. 
5. Process both sets of data through Agisoft Metashape software, then I-Site Studio. 
6. Analyse the outputs with respect to ground control points and general topographic 
pickup with a particular focus on accuracy comparisons of the generated point clouds. 
7. The draft dissertation is detailing all methodology, procedures, findings, and 
recommendations. 
If time and resources permit: 




8. Refine processing techniques, including a review into the benefit of using limited 
ground control points, different processing settings and changing the flying altitude of 
aircraft. 
9. Design a simplified technique to efficiently determine the lever arm correction 





























Fig. 2. Image residuals for SonyA6300-12mm-PRO 24.
SonyA6300-12mm-PRO_24
1212 images
Resolution Focal Length Pixel Size Precalibrated


































Coordinate system GDA94 / MGA zone 55 (EPSG::28355)
Point Cloud
Points 586,593 of 680,600
RMS reprojection error 0.263977 (0.871326 pix)
Max reprojection error 1.02493 (27.94 pix)





Key point limit 40,000
Tie point limit 4,000
Constrain features by mask No
Adaptive camera model fitting Yes
Matching time 2 hours 23 minutes
Alignment time 6 minutes 49 seconds
Optimization parameters
Parameters f, b1, b2, cx, cy, k1-k4, p1-p4






Depth maps generation time 1 hours 34 minutes
Dense cloud generation time 25 minutes 38 seconds
Software
Version 1.2.6 build 2834
Platform Windows 64 bit






















Label X error (cm) Y error (cm) Z error (cm) Total (cm) Image (pix)
point 1 -36.8296 -11.2544 40.7884 56.0961 0.918 (22)
point 2 -28.6208 -0.201489 63.0879 69.2768 0.939 (33)
point 3 -17.918 -14.3717 49.0696 54.1796 0.497 (35)
point 4 4.47214 2.24366 53.1353 53.3703 0.620 (27)
point 5 -36.0749 -30.4851 48.8442 67.9448 0.362 (8)
point 6 -9.46029 -9.15369 -17.18 21.6435 0.412 (4)
point 7 50.6868 -11.8454 -3.37642 52.1619 0.741 (7)
point 8 19.7546 17.6117 100.624 104.047 0.822 (15)
point 9 40.145 -10.7957 99.936 108.238 0.095 (5)
point 11 84.8464 41.0345 40.8425 102.717 0.802 (12)
point 12 11.1178 -16.2993 5.56538 20.4999 1.137 (19)
point 13 -37.4409 -27.8227 52.324 70.098 0.473 (8)
Total 37.8625 19.6682 56.3594 70.688 0.773
Table 5. Check points.













 A gned cameras 1102
 Markers 13
 Coord nate system GDA94 / MGA zone 55 (EPSG::28355)
 Rotat on ang es Yaw, P tch, Ro
Point Cloud
 Po nts 934,963 of 1,132,209
 RMS reproject on error 0.625651 (1.96524 p x)
 Max reproject on error 5.74213 (41.4918 p x)
 Mean key po nt s ze 3.29634 p x
 Po nt co ors 3 bands, u nt8
 Key po nts No
 Average t e po nt mu t p c ty 4.11637
 Alignment parameters
  Accuracy H gh
  Gener c prese ect on Yes
  Reference prese ect on Yes
  Key po nt m t 40,000
  T e po nt m t 4,000
  Adapt ve camera mode  fitt ng Yes
  Match ng t me 1 hours 47 m nutes
  A gnment t me 34 m nutes 32 seconds
 Optimization parameters
  Parameters f, b1, b2, cx, cy, k1-k3, p1, p2
  Adapt ve camera mode  fitt ng No




  Qua ty Low
  F ter ng mode M d
  Process ng t me 3 hours 38 m nutes
Dense Point Cloud
 Po nts 46,986,349
 Po nt co ors 3 bands, u nt8
 Reconstruction parameters
  Qua ty Low
  Depth fi ter ng M d
  Depth maps generat on t me 3 hours 38 m nutes
  Dense c oud generat on t me 1 hours 48 m nutes
Software
 Vers on 1.5.1 bu d 7618
 P atform Mac OS 64
Page 8
























Label X error (cm) Y error (cm) Z error (cm) Total (cm) Image (pix)
point 3 -0.0817056 1.42905 2.65982 3.02051 0.354 (35)
point 8 -1.46729 1.54084 2.5834 3.3468 0.406 (15)
point 12 1.3843 -1.97651 2.05923 3.17227 0.321 (19)
Total 1.16561 1.66563 2.44874 3.18265 0.357
Table 6. Control points.
X - Easting, Y - Northing, Z - Altitude.
Label X error (cm) Y error (cm) Z error (cm) Total (cm) Image (pix)
point 1 3.60481 1.28245 -18.5269 18.9178 0.358 (22)
point 2 1.43897 2.44427 -0.785786 2.94322 0.388 (33)
point 4 4.13405 -0.917157 -0.302878 4.24538 0.427 (27)
point 5 -20.0703 4.33573 0.543331 20.5405 0.285 (8)
point 6 -35.1655 -12.3582 32.4455 49.4171 0.262 (4)
point 7 3.86771 -13.4437 10.2184 17.3236 0.284 (7)
point 9 15.422 7.23866 -4.20473 17.5476 0.621 (5)
point 11 23.053 12.7635 15.2133 30.4268 0.338 (12)
point 13 -21.2172 6.71708 4.47249 22.7 0.375 (8)
Total 17.9691 8.30757 14.0258 24.2616 0.384
Table 7. Check points.













 A gned cameras 1030
 Markers 13
 Coord nate system GDA94 / MGA zone 55 (EPSG::28355)
 Rotat on ang es Yaw, P tch, Ro
Point Cloud
 Po nts 1,033,293 of 1,132,178
 RMS reproject on error 0.214348 (0.538587 p x)
 Max reproject on error 1.88396 (14.6726 p x)
 Mean key po nt s ze 2.57563 p x
 Po nt co ors 3 bands, u nt8
 Key po nts No
 Average t e po nt mu t p c ty 3.73643
 Alignment parameters
  Accuracy H ghest
  Gener c prese ect on Yes
  Reference prese ect on Yes
  Key po nt m t 40,000
  T e po nt m t 4,000
  Adapt ve camera mode  fitt ng Yes
  Match ng t me 2 hours 34 m nutes
  A gnment t me 10 m nutes 19 seconds
 Optimization parameters
  Parameters f, cx, cy, k1-k3, p1, p2
  Adapt ve camera mode  fitt ng No




  Qua ty Low
  F ter ng mode M d
  Process ng t me 3 hours 18 m nutes
Dense Point Cloud
 Po nts 37,521,223
 Po nt co ors 3 bands, u nt8
 Reconstruction parameters
  Qua ty Low
  Depth fi ter ng M d
  Depth maps generat on t me 3 hours 18 m nutes
  Dense c oud generat on t me 39 m nutes 53 seconds
Software
 Vers on 1.5.1 bu d 7618
 P atform Mac OS 64
Page 8



























Label X error (cm) Y error (cm) Z error (cm) Total (cm) Image (pix)
point 1 2.75555 -0.42968 -13.9445 14.2206 0.406 (22)
point 2 -2.08458 0.188938 -8.62563 8.87596 0.365 (33)
point 3 -2.16612 0.673975 -8.21343 8.52096 0.354 (35)
point 4 1.12186 -1.86496 9.65406 9.89633 0.409 (27)
point 5 0.0917854 -0.112209 -4.75416 4.75637 0.300 (8)
point 7 -1.34583 -0.057615 5.87164 6.02418 0.294 (7)
point 8 -1.34362 -1.15858 24.5927 24.6566 0.436 (15)
point 9 1.54118 2.52253 -17.926 18.1681 0.620 (5)
point 11 0.902062 1.02035 7.95859 8.07428 0.336 (12)
point 12 1.44431 -1.57875 0.327659 2.16468 0.317 (19)
point 13 -0.948986 1.84043 -0.3356 2.09771 0.370 (8)
Total 1.58658 1.30714 11.5848 11.7658 0.379
Table 6. Control points.
X - Easting, Y - Northing, Z - Altitude.
Label X error (cm) Y error (cm) Z error (cm) Total (cm) Image (pix)
point 6 -22.0801 14.1987 41.4826 49.0911 0.267 (4)
Total 22.0801 14.1987 41.4826 49.0911 0.267
Table 7. Check points.






Fig. 5. Reconstructed digital elevation model.
Resolution: 27.7 cm/pix





 A gned cameras 1030
 Markers 12
 Coord nate system GDA94 / MGA zone 55 (EPSG::28355)
 Rotat on ang es Yaw, P tch, Ro
Point Cloud
 Po nts 1,031,749 of 1,130,468
 RMS reproject on error 0.214994 (0.540525 p x)
 Max reproject on error 2.04694 (26.2852 p x)
 Mean key po nt s ze 2.57143 p x
 Po nt co ors 3 bands, u nt8
 Key po nts No
 Average t e po nt mu t p c ty 3.75332
 Alignment parameters
  Accuracy H ghest
  Gener c prese ect on Yes
  Reference prese ect on Yes
  Key po nt m t 40,000
  T e po nt m t 4,000
  Adapt ve camera mode  fitt ng Yes
  Match ng t me 1 hours 23 m nutes
  A gnment t me 8 m nutes 34 seconds
 Optimization parameters
  Parameters f, b1, b2, cx, cy, k1-k4, p1, p2
  Adapt ve camera mode  fitt ng No




  Qua ty Low
  F ter ng mode M d
  Process ng t me 9 hours 42 m nutes
Dense Point Cloud
 Po nts 37,359,717
 Po nt co ors 3 bands, u nt8
 Reconstruction parameters
  Qua ty Low
  Depth fi ter ng M d
  Depth maps generat on t me 9 hours 42 m nutes
  Dense c oud generat on t me 29 m nutes 59 seconds
DEM
 S ze 9,116 x 11,630
 Coord nate system GDA94 / MGA zone 55 (EPSG::28355)
 Reconstruction parameters
  Source data Dense c oud
  Interpo at on Enab ed
  Process ng t me 2 m nutes 33 seconds
Software
 Vers on 1.5.1 bu d 7618
 P atform Mac OS 64
Page 8





































<http://www.ga.gov.au/bin/geodesy/run/gda redfearn?geo grid=1&Name=&lat degre
es=-
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